Objective: To assess the variability and validity of plasma-based biomarkers of antioxidant vitamin, and fruit and vegetable intake. Setting: Leeds, Wakefield, Huddersfield and Bradford, England. Subjects: A total of 54 free-living, nonsmoking women recruited from participants of the UK Women's Cohort Study (UKWCS). Methods: Two fasting blood samples were taken at two time points, 18 months apart. A 4-day food diary was completed prior to the first blood sample and a 24-h recall was conducted at the time of the second blood collection. All blood samples were analysed for ascorbic acid and four carotenoids. Associations between antioxidant vitamin intake from all food sources and supplements, as well as fruit and vegetable intake, and plasma levels of the antioxidant vitamins were assessed. Results: Using the 4-day diary, positive associations were found between micronutrient intake from all food sources and plasma concentrations of ascorbic acid (Po0.01) and b-carotene (Po0.01). No associations were seen between plasma micronutrient levels and specifically fruit and vegetable intakes. In general, associations between plasma levels and intakes assessed by the 24-h recall were less marked than those based on the 4-day diary. Conclusions: Plasma ascorbic acid and b-carotene are good indicators of previous vitamin C and b-carotene intake, from all food sources. However, caution is required in extrapolating these results to include individual food groups, rich in these vitamins. The results imply that the practice of using plasma biomarkers simply as a proxy measure of dietary intake is not valid and emphasise that plasma biomarkers are not simply a reflection of dietary intake, but also of a number of physiological processes. Biomarkers in nutrition epidemiological studies are however useful to measure nutrient status at the tissue level.
Introduction
Antioxidant vitamin consumption is of great interest in disease prevention studies. When studying relations between diet and disease, reliable and valid methods for dietary assessment are essential. Traditionally, methods of assessing dietary exposure have been subjective, employing tools such as the food diary, food-frequency questionnaire and 24-h recall. However, these methods are all prone to substantial errors from reporting, portion size estimation and inaccurate recall. Given the continuing problems with the accuracy and validity of dietary intake assessment, a reliable biomarker of antioxidant vitamin intake would be a useful tool in epidemiological research, as indeed would biomarkers of other dietary factors, offering an alternative, more objective measure, compared to questionnaire-based diet assessment (Wild et al, 2001) .
While the above approach shows considerable promise, there may not be a close relation between the amount of a nutrient found in the diet and levels found in biological fluid (Bates & Thurnham, 1997) . This is because of many potentially inter-related factors including homeostatic mechanisms, rates of utilisation and metabolism, storage and mechanisms of mobilisation (Nelson, 1998) . Despite this, there has been a recent move towards using biomarkers as the 'Gold Standard' with which other dietary assessment methods are compared. The validity and variability of using biomarkers of dietary intake needs to be assessed to ensure that this practice is valid. Although a number of studies have addressed this point, they have tended to focus on feeding studies, where the biomarkers are measured before and after supplementation, or manipulation of normal diets (Martini et al, 1995; Hof-KH et al, 1999; McEligot et al, 1999) . Fewer studies have investigated the relation between dietary intake and levels of biomarkers in free-living subjects consuming their habitual diets. Therefore, this study aims to investigate the relationship between intake of antioxidant vitamins, from both dietary and supplementary sources, and blood levels of antioxidant vitamins in a community-based sample of women. As it would also be useful in epidemiological studies to link fruit and vegetable intakes specifically to relevant plasma antioxidant vitamin levels, this study also investigated the relation between these two parameters.
Methods

Subjects
The population for study was drawn from the UK Women's Cohort Study (UKWCS). The UKWCS is a 10-y prospective study investigating cancer morbidity and mortality in women with a wide variety of dietary habits such as vegetarians, fish eaters and meat eaters. The cohort consists of 35 000 women, across England, Wales, Scotland and Northern Ireland, aged between 35 and 69 y at baseline. In 1997, the UKWCS: Non-Starch Polysaccharide (NSP) substudy (unpublished) was conducted on 264 of the UKWCS participants living in the Yorkshire area. Within this substudy, samples of blood were collected and participants were asked whether they would be willing to give further samples of blood in the event of future research. Those who gave a positive response, and lived in the Leeds, Wakefield, Huddersfield and Bradford areas, were invited to take part in the present study (N ¼ 143).
Ethical considerations
Ethical committee approval was gained from all four of the relevant Local Research Ethics Committees (LRECs).
Experimental design
As part of the UKWCS: NSP substudy participants had already completed a 4-day food diary, and one blood sample had been taken on the day immediately following completion of the diary. Subject information sheets and consent forms were sent by post to all 143 eligible ladies identified for the present study. Once consent was given, the subjects were contacted and an appointment was made for a home visit to be carried out. The home visit was deliberately carried out 18 months after they had given their first blood sample as part of the UKWCS: NSP substudy. This was organised to provide two blood samples from each participant taken at two time points, 18 months apart to maximise seasonal variation. It should be emphasised here that collections included both summer and winter samples at each time point. Subjects were sent reminder cards that asked them to fast from midnight, the night before the home visit took place. At the home visit, a second consent form was completed, allowing the second blood sample to be taken. Anthropometric measurements were collected including height and weight, and a 24-h dietary recall was conducted. Participants were also asked about their smoking habit, use of prescribed drugs, general health status and nutritional supplement use.
Experimental techniques
Both blood samples were collected from subjects at home after an overnight fast. Samples were collected into lithium heparin (8 ml) tubes and placed in a dark cool box for transportation back to the laboratories. Samples were then separated and prepared for storage within 2 h of collection. All samples were stored at À701C. The samples were analysed for ascorbic acid and the carotenoids b-carotene, lutein, cryptoxanthin and lycopene by reversed-phase high-performance liquid chromatography using modified methods from Thurnham et al (1988) for carotenoids, and Sobala et al (1991) for vitamin C. Ascorbic acid is analysed separately from total vitamin C by this method of HPLC. Total vitamin C can be measured as a result of reducing any dehydroascorbic acid present by dithiothreitol. The amount of total vitamin C is therefore a combination of ascorbic acid and dehydroascorbic acid. The values for ascorbic acid quoted here are for ascorbic acid alone. Total vitamin C was also measured, but is not reported here.
Statistical analysis
Power calculations were based on data available from a previous study of plasma micronutrients . Using Monte Carlo methods in Stata 7 (Statacorp., 2001) , adequate power to detect a range of suitably weak relations between micronutrient intakes and plasma concentrations can be achieved with 60 subjects. All micronutrient concentrations were log transformed to meet normality and constant variance assumptions. Relationships are therefore expressed in terms of percentages. A total of 60 subjects would give over 90% power to detect just a 15% increase in plasma ascorbic acid concentrations (eg from 10 to 11.5 mg/ ml) associated with a 100% increase (a doubling) in vitamin C intake (eg from 80 to 160 mg). Also, 60 subjects would give 90% power to detect a 20% increase in plasma b-carotene concentrations (eg from 500 to 600 nmol/l) associated with a 100% increase (a doubling) in b-carotene intake (eg from 1000 to 2000 mg). Any larger response to change in intake would be detectable with greater power. The associations are presented in terms of a percentage increase in plasma concentration with a doubling (100%) in intake. This would be a moderately large increase in intake, however not unachievable and chosen for clarity of presentation. For smaller increases in intake, the corresponding increase in plasma concentrations would be proportionately reduced, although the statistical significance would be unchanged.
Supplemental quantities were evaluated using a newly built database of supplement ingredients. This database has been devised from the manufacturer's information and compiled by the Nutrition Epidemiology Group at the Nuffield Institute for Health, University of Leeds. Nutrient intakes were calculated, from both the 4-day food diary and the 24-h recall, using the dietary assessment package COMP-EAT (Carlson Bengston Consultants Ltd, 2001 ). This package uses standard food tables to calculate nutrient intakes (Royal Society of Chemistry and Ministry of Agriculture, 1991). However, these food tables are too incomplete to assess intakes of lutein, cryptoxanthin and lycopene owing to missing data in the tables. For the purpose of this statistical analysis, values for carotenoid equivalents were used in place of individual carotenoid data for lutein, cryptoxanthin and lycopene. The carotenoid equivalents' data are included in the standard food tables, this figure includes b-carotene, plus half the recorded amounts of a-carotene and b-cryptoxanthin.
Using the 4-day food diary and the 24-h recall data, the total amount of fruit and vegetables consumed per person were calculated in grams per day at the two different time points. This daily figure included fruit and vegetables from composite dishes, but excluded potatoes, which in dietetic terms are classed as a starchy staple rather than a vegetable (Williams, 1995) . Standard portion sizes were employed for the calculation of amounts consumed using Helen Crawley's book of food portion sizes (Crawley, 1994) . Fruit and vegetable juices were calculated separately. All analyses were carried out using Statistical Package for the Social Sciences (SPSS) version 9.0 (SPSS Inc., 1998). All tests were carried out at both time points. The first set of results was compared with the 4-day food diary data and the second blood results with the 24-h recall. All variables were log transformed to ensure that the statistical assumptions were valid.
The subjects were divided into tertiles (referred to as Tertiles 1-3) according to their fruit and vegetable consumption. Tertile 1 comprised those with the lowest intakes and Tertile 3 represented the consumers with the highest intakes. To test for linear trends of plasma micronutrient levels across tertiles of fruit and vegetable consumption, analysis of variance was employed. Linear regression was used to investigate the univariate relationships between blood antioxidant vitamin concentrations and dietary intake of antioxidants from food sources, supplements and fruit and vegetable intakes. Multiple regression was then employed to investigate the same relationships adjusting for age, body mass index (BMI), total calorific intake including alcohol, and dietary and supplementary antioxidant vitamin intake as appropriate. Potential threshold effects were investigated by treating individual antioxidant vitamin intakes as categorical variables in the regression models, and calculating separate effect estimates for each level of antioxidant vitamin intake.
In order to investigate variability of the plasma antioxidant vitamins, Bland-Altman tests were employed to determine the degree of agreement between the two blood measures (Bland & Altman, 1986) . Finally, the effect of seasonality on the blood samples was investigated using paired T-tests between two halves of the year.
Results
Descriptive statistics
Out of the 143 eligible women contacted, three had moved house and one had died. A total of 105 women consented to taking part in the study and of these 36 could not be found a convenient appointment time in the correct season. A total of 69 home visits were completed and full data were collected on 64 women. This is a response rate of 62%. However, for the purpose of this analysis, nine women were excluded because they were smokers, one other woman was also excluded because her results excessively skewed the data as a result of an extremely high intake of supplemental bcarotene. Final analysis was therefore carried out on 54 nonsmoking women.
In both assays, samples were analysed in number order, in batches of 10-12 as they arrived or within 3 months of sampling and stored at À701C until analysed. The CV% was ascorbic acid 10%, b-carotene 11%, lutein 4.6%, cryptoxanthin 5.5%, and lycopene 5.7%.
The basic characteristics of the sample, at both time points, is given in Table 1 . At T 1 , the mean age was 54.2 y, and at T 2 the mean age was 55.7 y. Mean daily consumption of all fruits and vegetables, including juices were 479 g at T 1 and 451 g at T 2 . In all 40% of the subjects reported taking supplements containing vitamin C or b-carotene. Of the subjects who reported taking vitamin C supplements, the mean supplemental intake at T 1 was 178 mg (84-378 mg). For b-carotene, of those subjects who reported taking supplements, the mean intake at T 1 was 270 mg (4-16740 mg). All mean plasma levels of vitamins were within the normal ranges at both time points. Intakes of dietary vitamin C, b-carotene and carotenoid equivalents were all higher at T 1 than at T 2 .
Linear trends
Linear trends in plasma micronutrient levels were investigated over tertiles of fruit and vegetable consumption and the results are presented in Table 2 . At T 1 , using the 4-day diary, ascorbic acid plasma levels did increase over the tertiles from Tertile 1 to Tertile 3; however, the actual mean differences between the tertiles were not statistically significant. At T 2 , using the 24-h recall method of assess-ment, plasma ascorbic acid levels again increased over the tertiles of fruit and vegetable consumption, and the mean differences between the tertiles were statistically significant (Po0.01). All plasma carotenoids, excluding b-carotene, showed statistically significant linear trends across the tertiles of fruit and vegetable consumption at T 1 , and all plasma carotenoids, including b-carotene, showed statistically significant trends at T 2 .
Regression analyses
Linear regression models were employed to describe the impact of micronutrient, and fruit and vegetable intakes, on plasma micronutrient levels and both unadjusted (Tables 3  and 5 ) and adjusted (Tables 4 and 6) are presented. In this analysis, fruit intakes and vegetable intakes were treated as separate variables. Using the 4-day diary method of dietary assessment, and after adjustment for age, BMI and total calorific intake including alcohol, few dietary intake parameters produced a change in plasma nutrient levels of greater than 10% (Table 4) . Of those that did, plasma ascorbic acid concentrations rose 26% when total vitamin C intake, from all food sources, was doubled (Po0.01); however, this association was not mirrored when fruit intakes, or vegetable intakes, were investigated individually. When total b-carotene intake, from all food sources, was doubled, a corresponding 31% increase in plasma b-carotene was observed (Po0.01). This association was also seen with vegetable intakes, so that when vegetable intakes were doubled, a 16% rise in plasma bcarotene was observed, although this effect did not reach statistical significance (P ¼ 0.31).
In general, the impact of a doubling of intakes on plasma micronutrient levels, based on the 24-h recall data (Tables 5  and 6 ) was less marked than when based on the 4-day diary data described above. For example, when total vitamin C intake from all food sources was doubled, the corresponding increase in plasma ascorbic acid concentration was only 11% (Po0.01). In the analysis of the 24-h recall data when carotenoid equivalents, from all food sources, were doubled, plasma lutein concentrations rose by 13% (Po0.01) and plasma lycopene concentrations rose by 15% (P ¼ 0.04). Although in the analysis of the 24-h recall data more statistically significant associations were seen, between fruit intakes and vegetable intakes with plasma micronutrient concentrations, than with the 4-day diary, no changes in plasma micronutrient concentrations greater than 10% were observed in association with a doubling of dietary intake.
These findings are consistent with the results seen in the linear trend analysis, and showed that although some of the trends were statistically significant, for the majority, the actual sizes of the effects were small. In both sets of analyses, at T 1 and T 2 , no increases in plasma micronutrients of greater than 10% were observed with a doubling of supplemental intakes.
Threshold effects
Potential threshold effects were investigated by treating individual antioxidant vitamin intakes as categorical variables in the regression models, and calculating separate effect estimates for each level of antioxidant vitamin intake. A threshold effect was observed for ascorbic acid and this effect occurred at intakes of around 60 mg/day. No other threshold effects were detected for any of the other vitamins.
Variability of blood measures
Bland-Altman plots were used to assess variability in plasma micronutrient levels between T 1 and T 2 (plots not shown). All plasma micronutrient measures showed extremely poor agreement between the two time points. The mean difference (range in parentheses) between the two time points (T 2 ÀT 1 ) for ascorbic acid was 10.5% (À45.1 to 122.6%), bcarotene À9.5% (À63.2 to 122.6%), lutein À9.5% (À50.3 to 64.9%), cryptoxanthin 10.5% (À66.7 to 266.9%) and lycopene -9.5% (À63.2 to 122.6%).
The effect of seasonality on the blood samples was investigated using paired T-tests and these results can be seen in Table 7 . The only micronutrient to have an observed difference in mean summer and winter plasma levels was lutein. Plasma lutein levels were, on average, 11.3% higher when collected during the summer months in comparison with collections taken during the winter months (P=0.01).
Discussion
The results of this study provide useful information concerning the relationships between dietary intakes and plasma levels of the antioxidant vitamins, using two different dietary assessment methods, namely the 4-day food diary and the 24-h recall.
Although the original power calculation was described for 60 individuals, including 54 people in the study did not substantially reduce the power. The power was reduced to 89%.
Mean reported fruit and vegetable intakes were particularly high at both time points within this study, far higher than expected in the average UK population. Mean daily consumption of all fruits and vegetables, including juices were 479 g per person at T 1 and 451 g per person at T 2 , compared to a UK national average of 310 g per person per day (Ministry of Agriculture, Fisheries and Food, 1999) . This may be partly a result of the inherent problems of any selfreported data and, probably, because the sample was chosen to include specifically large numbers of vegetarians and vegans. This is supported by our previous work investigating lifestyle factors affecting fruit and vegetable consumption in Table 2 Mean fruit and vegetable intakes and plasma micronutrients levels within each tertile of fruit and vegetable consumption, including fruit juice, as assessed by the 4-day food diary at T 1 , and by the 24-h recall at T
(n=54)
Geometric means (95% CI) Comparison of plasma biomarkers J Pollard et al the UKWCS (Pollard et al, 2001 ). However, if plasma biomarkers are to be useful, then they should reflect dietary intakes across groups with diverse lifestyles and dietary habits, including particularly high and low consumers of the antioxidant vitamins, or fruit and vegetables, such as those used by women in our study.
Comparison of plasma vitamin C with estimated dietary intake When using the 4-day food diary to assess fruit and vegetable consumption, plasma ascorbic acid concentration did tend to increase over tertiles of consumption, although the increases were not statistically significant. Further analysis Comparison of plasma biomarkers J Pollard et al demonstrated that there was a strong relationship between dietary intakes of vitamin C, from all food sources, and plasma ascorbic acid concentrations even after adjustment for age, BMI and total calorific intake including alcohol. When the study was repeated using the 24-h dietary recall method, again a relationship between dietary intakes of vitamin C, from all food sources, and plasma ascorbic acid concentration was observed. These results are consistent with previous studies that have found that plasma ascorbic acid is consistently correlated with ingested vitamin C within the physiologic range of the typical Western diet (Sinha et al, 1992; Drewnowski et al, 1997) . The effect seen at T 2 was slightly smaller than at T 1 , with an 11% rise in plasma Comparison of plasma biomarkers J Pollard et al ascorbic acid levels observed with a doubling in vitamin C intake, compared to a 26% rise when using the 4-day food diary. This smaller effect is probably because of the nature of the biomarker. Vitamin C is rapidly absorbed and is transported in the plasma from the site of absorption to the tissues. This means that plasma is the most responsive compartment of the blood to recent intakes and exhibits large fluctuations in response to vitamin C-rich meals (Bates & Thurnham, 1997) . Consequently, as in the current study, fasting blood samples are usually taken to avoid short-term fluctuations caused by recent intakes. This may partly explain why the plasma levels better reflect the more medium-or longer-term intakes of vitamin C, as assessed by the 4-day food diary. When considering the relation between plasma ascorbic acid and intakes of specific food items, no associations were observed between plasma ascorbic acid and estimated dietary intake of either fruits or vegetables using the 4-day diary, or 24-h recall method. This contrasts with results of other studies reporting significant relations between intakes of fruit and vegetables and plasma ascorbic acid concentrations. One study of community-based French adults (n ¼ 837) found that, in correlation analyses, serum vitamin C had significant relationships with both fruit and vegetable intakes. Following this it was found, in regression analysis, that serum vitamin C was a better predictor of fruit intake than of vegetable intake (Drewnowski et al, 1997) . Another study of British adults found that plasma vitamin C is consistently correlated with reported frequency of foods rich in this vitamin, namely, fruit and vegetables (Ness et al, 1999) . It is difficult, however, to compare these previous studies with the present investigation, as they assessed dietary intake using methods based on the food-frequency questionnaire, as opposed to the 24-h recall or 4-day food diary. Possibly, the food-frequency questionnaire produces a better estimate of fruit and vegetable intake because it particularly prompts subjects to estimate their intake of specific food items. However, an alternative explanation is that the women involved in the present study are particularly high consumers of fruit and vegetables, and that what is observed is a less marked effect on plasma ascorbic acid of increasing already high intakes of fruit and the linear relationship between vitamin C and plasma ascorbic acid disappears. This is because of a decrease in efficiency of absorption from the gastrointestinal tract and an increase in urinary losses (Sinha et al, 1992; Drewnowski et al, 1997) . In the present study, potential threshold effects were investigated and indeed, it was found that the relation between intake and plasma levels of ascorbic acid reaches plateau at an intake level of around 60 mg/day. A threshold has been observed previously at this level (Bates & Thurnham, 1997) . The reference nutrient intake (RNI) for vitamin C within females, in the age categories 19-50 and 50+, is 40 mg/day and therefore the plateau appears at intakes far higher than are actually recommended for good health. In fact, this particular level of vitamin C intake (60 mg/day) has previously been found to produce chromosome abnormality after challenge (Anderson et al, 1997) . This threshold effect may also explain why no associations were seen between supplemental vitamin C intake and plasma ascorbic acid.
Aside from the observed threshold effect, there may be other reasons why fruit intakes and vegetable intakes were not associated with larger, or more significant, changes in plasma ascorbic acid concentrations. If increasing total vitamin C intake, from all food sources is associated with an increase in plasma concentration, yet fruit and vegetable intakes do not mirror this, then are there significant alternative sources of vitamin C? The foods contributing to total vitamin C intake from the 24-h recall data were investigated, and baked potatoes were found to be the fourth highest contributor to vitamin C intake in these women. In fact, as a food group, potatoes and potato products contributed over 10% of total vitamin C intake ( Figure 1 ). However, potatoes were excluded from our definition of vegetables, as is standard practice (Williams, 1995) . This could partly explain the discrepancy between vitamin C intake, from all food sources, fruit and vegetable intakes and plasma levels. These data suggest that plasma ascorbic acid may be a reliable biomarker for dietary intake of vitamin C from all food sources; however, care should be taken in extrapolating this result to specific vitamin C-rich foods.
Comparison of plasma carotenoids with estimated dietary intake
In a similar manner to the vitamin C data, all plasma carotenoids measured had a tendency to increase with increasing tertile of fruit and vegetable consumption, when assessed using both the 4-day diary and the 24-h recall. However, after adjustment in the linear regression model, at T 1 using the 4-day diary, only the association between total b-carotene intake from all food sources and plasma concentration was maintained, and at T 2 only the associations between total intake of carotenoid equivalents and lutein and lycopene concentrations were significant.
In relation to fruit and vegetable intakes at T 1 , using the 4-day diary, vegetable intakes were positively associated with plasma lycopene concentration, although this association was not statistically significant after adjustment. When employing the 24-h recall method (T 2 ), fruit and vegetable intakes were significantly associated with a number of different plasma micronutrient levels; however, the magnitudes of effect were extremely small, all being o10%. Lutein and lycopene had significant associations with vegetable consumption, lutein being found in predominantly green leafy vegetables and the main source of lycopene coming from tomatoes and tomato products (Scott et al, 1996) . bCarotene and lycopene were found to be associated with fruit intake. This may be because although b-carotene occurs predominantly in vegetables, it has been found that for the same quantity of intake from fruit and vegetables, a four-fold greater increase in serum levels occurs with b-carotene from the former dietary source (Castenmiller & West, 1998) . Lutein and cryptoxanthin were positively associated with fruit juice intake. One study found that serum carotenoids were associated with either fruit or vegetable consumption, in a similar pattern to our results. The authors concluded that this underlined the importance of measuring several carotenoids in the blood to evaluate fruit and vegetable consumption (van Kappel et al, 2001) .
We observed a greater number of associations between fruit and vegetable intakes and plasma carotenoid levels, when measuring the intakes using the 24-h recall compared to the 4-day food diary. This most likely reflects the responsiveness of the biomarker to recent intakes and has implications for epidemiological studies where longer-term measures of dietary intakes are usually required. However, limitations also exist with self-reported dietary assessment methods to estimate carotenoid intakes. Many nutritional studies rely on food composition tables to translate food consumption data into estimates of nutrient intake, relying heavily on the accuracy and completeness of the food composition tables used. For example, in the present study, the food tables used were too incomplete to assess intakes of lutein, cryptoxanthin and lycopene owing to missing data, and so a value for carotene equivalents was used in place of the individual carotenoid data. The carotene equivalent value includes b-carotene, plus half the recorded amounts of a-carotene and b-cryptoxanthin. This is a potential source of error because it is an amalgamation of a number of different carotenoids, which do not include the nonprovitamin A carotenoids. Comparisons of databases of carotenoids can prove informative. One study compared two different databases; the first was based on carotenoid estimates, similar to the present study, and the second database was the new US Department of Agriculture -National Cancer Institute (USDA-NCI) Carotenoid Food Composition Database (Chug-Ahuja et al, 1993; Mangels et al, 1993) . The authors concluded that although estimates did differ significantly between the two methods, only minor differences in rankings and diet-serum correlations were found using either data source (Van den Langenberg et al, 1996) . The present study was repeated using both a new European nutrient database, and the US Department of AgricultureNational Cancer Institute (USDA-NCI) Carotenoid Food Composition Database , for those foods for which we previously did not have full carotenoid information (data not shown). The results showed that although associations between intake and plasma levels of lycopene and cryptoxanthin were more statistically significant than from the initial results, actual percentage increases in plasma levels were still low (o10%). Therefore, only minor differences are observed between each data source when assessing group means, although perhaps if the focus were shifted to an individual level these differences might have become significant.
Variability of plasma antioxidant vitamin levels
Classifying an individual's vitamin intake by using a single plasma measurement of antioxidant vitamins would be valuable in large-scale epidemiological studies. However, there is no clear evidence that a single measure is adequate to rank subjects correctly. Changes in dietary intake, metabolic changes associated with age and diurnal and seasonal variations will all affect the variability of blood measures (Comstock et al, 2001) . In the present study, all plasma micronutrient measures showed extremely poor agreement between the two time points. This is in contrast to previous studies, particularly looking at b-carotene, which have found that plasma b-carotene is similar over time for a given individual (Carroll et al, 1999; van Kappel et al, 2001 ). Both of these latter studies took samples at 1-y intervals and therefore seasonal variation was not accounted for. We attempted to include seasonal variation in our study although only the mean levels of lutein showed a statistically significant seasonal difference. The poor agreement using the Bland-Altman technique, between plasma vitamin levels at the two time points in the present study, is probably therefore because of individual changes in diet between the two time points.
BiomarkersFwhat are they measuring?
The results of the present study show that there are indeed some positive associations between estimates of dietary intake and plasma concentrations of micronutrients. However, these associations are not universal and the relations are complex. It is important, therefore, to consider carefully what each approach to dietary assessment is actually measuring. The plasma biomarkers measure the amount of a nutrient after it has been digested and absorbed, the rates of which will vary depending on a number of factors including varying homeostatic mechanisms, metabolism, concomitant drug use or the presence of chronic illnesses. Plasma nutrient levels are also complex because plasma has two different functions in relation to nutrient transportation, that is, transferring nutrients from the gut lumen to tissue pools, and in turn carrying nutrients away from the tissue pool for utilisation by target tissues. Therefore, the nutrient content of plasma represents two different processes, one of which will be sensitive to short-term fluctuations of intake, and the other to longer-term fluctuations when the nutrient is distributed more slowly to other tissues. Therefore, a biomarker may measure the amount of a nutrient present in, or available to, the tissues of the body (Bates & Thurnham, 1997) . In nutrition epidemiological studies, this is an important measure to assess in its own right. However, this is not the same as attempting to obtain accurate measurements of dietary intake of these micronutrients through self-reporting. In many ways, the discussion is analogous to that in the molecular cancer epidemiology field, where carcinogen-DNA adducts are not only influenced by environmental exposure but also by uptake, absorption, metabolism, DNA repair and cell turnover, each of which may be influenced at the individual level by genetic and other factors (Wild & Pisani, 1998) .
Conclusion
Plasma ascorbic acid and b-carotene are good indicators of previous vitamin C and b-carotene intake, from all food sources. However, caution is required in extrapolating these results to include individual food groups, rich in these vitamins. The results imply that the practice of using plasma biomarkers simply as a proxy measure of dietary intake is not valid and emphasise that plasma biomarkers are not simply a reflection of dietary intake, but also of a number of physiological processes. Biomarkers in nutrition epidemiological studies are however useful to measure nutrient availability at the tissue level, and may therefore give a more complete picture of micronutrient status when used in partnership with traditional dietary assessment methodologies.
